Misfit dislocation at the = 0 interface of Ni-based superalloys is investigated using the quasicontinuum simulation. In order to imitate the 0 phases, nickel embedding function is modified by changing the lattice parameter, bulk modulus and cohesive energy simultaneously. Negative and positive misfits with different magnitudes are set in the simulations. Atomic structure at the interface, spatial distance and strain energy density at the core dislocation are investigated. Shear simulation is also conducted for a flat interface of = 0 laminates, while the dislocation propagation and it's interaction with interface are analyzed.
Introduction
Ni-based superalloys, which have excellent combination of mechanical properties, particularly high-temperature tensile strength and creep rupture strength, have been designed for use in aircraft turbine components. Since it must endure exposure to severely oxidizing environments and high temperatures for reasonable time periods, extensive development in the advanced casting techniques have been conducted to eliminate grain boundaries, so that a single crystalline (SC) Ni-based superalloys have higher performance (especially, creep strength) compared to conventional or directionally solidified superalloys. 1, 2) In the microstructure of a single crystalline Ni-based superalloys, Ni () matrix phase is reinforced with Ni 3 Al ( 0 ) phase precipitate, which contributes significant strengthening mechanism by dislocation interaction in the surrounding area of the 0 precipitates. 3) Dislocation behavior around the = 0 interface is one of a crucial issue for the understanding of the deformation mechanism in Ni-based superalloys. TEM observations on the = 0 interfacial dislocation networks revealed that the density of dislocation networks have an influence on the minimum creep rate. 4, 5) The arranged dislocations can effectively inhibit the moving dislocations in the phase from cutting through the = 0 interface. Finer interfacial dislocation networks lead to the smaller minimum creep rate.
The Ni-based single crystalline superalloys have a coherent interface between and 0 phases, however, the difference in their lattice parameters produced a small lattice misfit, which is defined as:
where a and a 0 are the lattice parameters of the and 0 phases, respectively. Lattice misfit is a vital factor that affects the creep properties at high temperature. The combination between the sign of misfit and the direction of the applied stress controls the morphology of the rafted structure after the creep deformation. The formation of a plate-like 0 precipitates are believed to maximize the creep strength attributed to the effective barrier to dislocation motion. 6, 7) Moreover, lattice misfit plays a key role in the formation of interfacial dislocation networks to relieve the misfit stress between the and 0 phases. It is also related to dislocation sources and driving force for dislocation reorientation in the = 0 interface. 8, 9) The modeling of the misfit dislocation and the understanding of its behavior at the = 0 interface are of great interest. Different simulation techniques such as finite element analysis around 0 precipitates, 10) and molecular dynamics simulation at coherent 11, 12) and semi-coherent = 0 interface have been conducted 13, 14) to investigate the misfit dislocation at the = 0 interface. Nevertheless, the continuum approaches failed to consider the atomistic aspect of = 0 interface, while the molecular dynamics simulation cannot consider the global strain field in the = 0 structure. Therefore we use quasicontinuum (QC) method in order to study the atomic structure of the = 0 interface while also considering the global strain field in a sub-micrometer scale.
In our previous study, 15) we have simulated the misfit dislocation at the interface of the = 0 by means of quasicontinuum method using a modified potential function of nickel. Since the QC package used in the simulation cannot treat the mixed atomic element, i.e. Ni 3 Al, the lattice parameter and bulk modulus of nickel were slightly changed by modifying the embedding function. The modified function is then called as 'Nickel-like' material. With the original and modified parameters, 2-dimensional static simulations were carried out on an idealized = 0 interface microstructure.
The previous results showed that the sign of misfit affect the strain energy density of dislocation core, that is, the greater magnitude of negative misfit leads to greater strain energy density. The strain energy density of positive misfit, however, decreases with the greater misfit due to the adhesive energy of the interface, since the distance between nickel and nickel-like material varied depends on the lattice misfit. The lattice parameter and bulk modulus in the total energy in the Rose's universal function were also modified independently in the previous study; however, some papers reported that there is a relationship between bulk moduli, cohesive energy and lattice constant of material. 16, 17) In the current study, we have simulated the = 0 interface with different magnitudes of negative and positive misfit with interrelated modified lattice parameter, bulk moduli and cohesive energy of the embedding function of atomic energy. We set a fixed distance between nickel and nickel-like phases to avoid the adhesive energy effect on the simulations. We also simulated the shear loading on the = 0 laminates cell, and observed the behavior of misfit dislocation under shear loading.
Simulation Procedure

Quasicontinuum (QC) method
QC has a general concept like a standard finite element analysis; however, instead of using elastic modulus and yield function as constitutive properties, QC uses atomistic potential energy explicitly. On the other hand, compared to molecular dynamics, QC has the advantages in the reduction of the degrees of freedom. QC divided area of problem into two divisions, which are the region with a slowly varying deformation gradient, and the region with non-uniform atomic deformation where atomistic detail is required. For the first region, QC measured only the displacement of a small fraction of atoms (called ''repatom'' for ''representative atom''), while the remaining atoms are calculated through interpolation. By using the Cauchy-Born (CB) rule, 18) the energy and forces are computed, resulting the local formulation of the QC. On the other hand, the nonlocal QC has been formulated for the second region, which considers the real arrangement of the surrounding atoms and compute the total force and energy on each repatoms. The whole energy of the system is then approximated by computing only it's of the repatoms, which are either local or nonlocal depending on its deformation environment. More details about QC method are explained in the reference. 19) 
Interatomic potential
The implemented interatomic potential in the current study is the embedded-atom method, 20, 21) with the function and parameters developed by Voter and Chen.
22,23) The total energy, E tot , is evaluated by
where r is the scalar distance between atoms and , is the pairwise interaction between atoms, Fð Þ is the ''embedding function'' which is a functional of , the ''density'' at the site of atom .
is given by the superposition of another pairwise interaction, ðrÞ, from neighboring atoms. The form of potential function of ðrÞ and 'ðrÞ are proposed as,
where the parameter , D M , M , and R M for nickel are 3.6408 Å À1 , 1.5335 eV, 1.7728 Å À1 and 2.2053 Å , respectively. Figures 1 and 2 show the shape of the functions.
FðÞ is then computed from the change of the energy against the expansion and compression of the fcc lattice, 24) This calculation is based on the Rose's universal function that proposed as follows, 25) 
Here E coh is the crystal cohesive energy and a Ã is a reduced lattice constant defined by
where a is lattice parameter, a 0 is the equilibrium lattice constant at 0 K, B is the bulk modulus, and is the equilibrium atomic volume. 
Simulation models
Although the EAM can consider the Ni-Al binary alloy in the atomistic simulation; however, the QC version 1.2 19) used in our simulation cannot deal with the mixed atomic element yet. Therefore, the lattice constant, bulk modulus and cohesive energy of nickel in eq. (7) are altered simultaneously to some extent of magnitude, in order to modify the embedding function in eq. (2). The modified function is then called as 'nickel-like' material. There are 14 modifications as listed in Table 1 .
Generally, the bulk modulus and cohesive energy of nickel and nickel alloys are decreasing against the of lattice constant, as shown in Fig. 3 . 22, 26) Based on this characteristic, we set the value of bulk modulus and cohesive energy for Ni-like material using the following equations, which are fitted to the experimental results:
where B is the bulk modulus, E coh is the cohesive energy, and a 0 is the lattice parameter of the Ni-like material. The parameters value of M, C, N and D are À5:410 eV Å À1 , 20.854 eV, À0:794 eV Å À1 , and 7.245 eV, respectively. Figure 4 shows the evaluation of the universal energy function between Ni and some of the modified Ni-like materials from eq. (5), while Fig. 5 shows the comparison of the embedding function between Ni and some of the modified Ni-like materials. The alteration on the parameters leads to a change from the original nickel embedding function.
With the original and modified parameters, 2-dimensional static simulations were carried out on two different simulation models of idealized = 0 microstructure. The fixed boundary condition is set on the simulations cell. Model 1 deal with a flat interface as shown in Fig. 6(a) , of which lattice parameter and cell size are listed in Table 1 . Semicoherent interface is set between Ni and Ni-like material with x, y, z orientations in ½110, ½001, ½1 1 10 directions. The total number of nodes and elements are about 3 Â 10 3 and 6 Â 10 3 Fig. 6(b) . The cell dimension is changed by dividing the thickness of Ni and Ni-like phases into two equal size, then arrange them into a laminated cell. For the Ni-like materials, À0:1% misfit of Ni-like 1 is considered. A uniform shear strain is applied by using fixed displacement boundary conditions on the nodes along the top and bottom of the cell. The shear increment is set to 0.5%, the resulting displacement at the top is 2.49 Å . After solving the static equilibrium under the strain, the procedure is repeated total 17 steps, up to the total shear of 8.5%. There are about 9 Â 10 3 nodes and 18 Â 10 3 elements in this shear loading simulation.
In both models 1 and 2, we set the interatomic distance between Ni and Ni-like phase at the interface to 1.76 Å , in order to exclude the effect of adhesive energy, a measure of the strength of interface bonding, which depends on the distance between Ni and Ni-like phase at the interface. Figure 7 shows one example of QC simulation of flat interface between Ni and Ni-like 1. In order to capture the details of interface and dislocation, the region near the interface is fully refined down to the atomic scale (a). The strain energy density distribution at the interface is indicated by the gradation contour (b). Here, dislocations are located at the point with high strain energy density, and they are separated by a spatial dislocation distance (d) which is 246.40 Å for misfit À1:0%. Figure 7(c) shows the detail near the high strain energy density region where misfit dislocations nucleated. In this simulation of misfit À1:0%, dislocation core located at the interface in the Ni-like phase side; however, in positive misfit, dislocation is found in the Ni phase side, as also reported in the previous result.
Results and Discussion
Effect of parameters modification on flat Ni/Ni-like interface
15 ) The present simulations show the same result, concerning the effect of lattice misfit on the spatial dislocation distance as shown in Fig. 8 . Thus, modification on the bulk modulus and cohesive energy do not affect the spatial dislocation distance nor the location of dislocation core. Rather, the only factor that affects spatial dislocation distance and its core location is the magnitude of misfit. Figure 9 shows the relationship between the lattice misfit and the strain energy density. The comparison between the previous and the current result is also shown here. Except for single crystal ( ¼ 0), the strain energy density monotonically decreases against the lattice misfit. In the previous study, the interatomic distance between Ni and Ni-like phases at the interface is directly related to the lattice misfit. The interatomic distance at the interface increases as the lattice misfit shifted from negative to positive misfit, i.e. the greater negative misfit, the closer distance between the phases, while larger positive misfit leads further distance. Thus, the atoms at the interface feel higher local density with negative misfit. The distance is thus related to the adhesive energy of the interface, which affects the strain energy density of the dislocation core. By setting the interatomic distance to a constant value of 1.76 Å , the effect of lattice misfit alone on the strain energy density at dislocation core can be solely investigated without the influence of the adhesive energy. As shown in Fig. 9(a) , the strain energy density of dislocation core show little dependency on the lattice misfit in the current simulation of a fixed distance at interface. Figure 9 (b) shows the difference between the independent and simultaneous modification of lattice parameter, bulk modulus and cohesive energy. The interfacial distance is fixed at 1.76 Å . With the simultaneous modification, the strain energy density slightly decreases as lattice misfit shifted from negative to positive misfit. The result and its comparison between the current study of simultaneous modification and the previous study are listed in Table 2 .
Shear loading simulation
The mesh of laminated cell for shear simulation is shown in Fig. 10(a) . The interface between Ni and Ni-like phases is fully refined down to the atomic scale to obtain the atomic characteristic at the region. The strain energy density distribution at the interface is indicated by the gradation contour (b), where the dislocation cores are located at the point with the high strain energy density. Figure 11 shows the curve of the resulting stress against the applied shear strain up to the value of 0.085. It is natural that the increase in the applied shear strain leads to the increase in stress; however, it is important to note that a slight drop in the stress at shear strain about 0.03, indicated by arrow A, is the point when dislocation nucleates at the interface. Compared to the molecular dynamics simulation, where misfit dislocations form a network at the interface, misfit dislocations in 2-dimensional QC are parallel to each other in z-direction. Under shear loading application, they move at the interface and change their location from the initial condition. As the loading increased, dislocations nucleate from the new location and then propagate into Ni or Ni-like phase. The first nucleation process in Ni phase is shown in Fig. 12 . The point with high strain energy density, where misfit dislocation located is in circle. Another nucleation points also seen at many locations at the interface. As the applied strain increases, dislocation start to propagate in h111i direction, and more dislocations nucleate elsewhere. As reported in the previous result, dislocation tends to propagates from the interface into nickel phase in negative misfit. The current result also shows such tendency. This is why, as shown in Fig. 13 , more dislocations nucleate at the interface and propagate to the nickel, rather than to the Ni-like phase at the strain of 0.05. About 14 dislocations nucleate and propagate in nickel phase, while only six of them that glide in Ni-like material phase. These dislocations Fig. 9 The relation between strain energy density and lattice misfit of fixed or changed interfacial distance (a), the independent and simultaneous parameter modification (b). continue the propagation process as the shear strain constantly increased, until some of them interact with each other, as shown in Fig. 14 , at the strain 0.08. The stress is also shown to be slightly increased at this point (arrow B of Fig. 10 ). These results clarify that the initial misfit dislocation does not propagate into the Ni nor Ni-like phase but new dislocations nucleate at the interface and propagate mainly in Ni phase in the case of negative misfit.
Conclusion
We have simulated the misfit dislocation at the interface of the = 0 of Ni-based superalloys, by means of quasicontinuum method using modified potential function of nickel. Constant interfacial distance has been set to exclude the effect of adhesive energy, and revealed that the lattice misfit does not affect to the magnitude of strain energy density of dislocation cores, contrary to the previous report where the interfacial distance is changed. The bulk modulus and cohesive energy is interrelated to lattice parameters according to experimental result of Ni-binary alloys, showing little change in the strain energy density at dislocation core. We have then performed shear simulation revealing that the initial misfit dislocation does not propagate into the Ni nor Ni-like phases but new dislocation nucleate at the interface and propagate mainly into Ni-phases, in the case of negative misfit.
